Here we report a simple way to enhance the resolution of a confocal scanning microscope under cryogenic conditions. Using a microscope objective (MO) with high numerical aperture (NA = 1.25) and 1-propanol as an immersion fluid with low freezing temperature we were able to reach an imaging resolution at 160 K comparable to ambient conditions. The MO and the sample were both placed inside the inner chamber of the cryostat to reduce distortions induced by temperature gradients. The image quality of our commercially available MO was further enhanced by scanning the sample (sample scanning) in contrast to beam scanning. The ease of the whole procedure marks an essential step towards the development of cryo high-resolution microscopy and correlative light and electron cryo microscopy (cryoCLEM). 
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Introduction
Light microscopy is an often used technique especially for investigating biological samples and in combination with spectroscopy for getting a deeper understanding of chemical and physical processes with high spatial resolution. Confocal microscopy developed by Marvin Minsky in 1957 [1] was a remarkable step in optical microscopy that increased the imaging contrast for gaining spatial information on luminescent samples. The principle of confocal microscopy relies on focusing a laser beam to a diffraction limited spot and recording light emerging mainly from that volume. In this technique out-of-focus light will be suppressed and hence increases the image contrast and enables to record 3D images of different structures such as biological cells by implementing a pinhole in front of the detector [2] . Therefore, a high numerical aperture (NA) microscope objective (MO) with corrected aberrations is required for high quality imaging with a high axial and lateral resolution. The NA describes the acceptance cone of an objective (see Eq. (1)):
where n is the refractive index of the medium between the lens and the sample and α is half the opening angle of a focusing element. Hence, for extended samples the NA in air (n air = 1) can never be larger than unity, which could be achieved e.g. by a parabolic mirror [3] . In order to increase the NA and thus the resolution of a microscope beyond unity an additional immersion fluid, such as water or immersion oil is used. The principle of immersion requires to fill the volume between the MO and sample by a transparent medium with a high refractive index. Using immersion liquids also increases the collection efficiency of the MO by reducing refraction and reflection at the interfaces between MO and sample. Nevertheless, the lateral resolution of light microscopes is typically restricted to the diffraction limit given by [4] :
where λ is the wavelength of light in vacuum and d is the minimal distance at which to identical point like sources can be resolved. Since several years, the diffraction limit hampering high resolution microscopy of nanoscopic particles or structures (size below 200 nm) was overcome by various super-resolution techniques at ambient conditions [5] [6] [7] [8] [9] [10] [11] [12] . However, many chromophores or auto-fluorescent proteins are difficult to observe at room temperature especially at the single molecule level due to their low signal intensities, various quenching effects and fast photo-bleaching [13] . Further problems related to biological samples are drifts and degradation during measurements. One common solution for all these problems can be achieved by reducing the temperature. This reduces photobleaching and enhances the fluorescence signal up to two orders of magnitude. . However, until today none of these techniques were able to provide a resolution and image quality compared to conventional microscopes at ambient conditions. Only with a parabolic mirror as focusing element a diffraction limited resolution and an NA close to unity was demonstrated at 8.5 K along with a large scanning range [29] . The decisive factor under cryogenic conditions is that the simple application of immersion fluids to provide an NA higher than unity is exceedingly problematic due to their high freezing temperatures. One promising brightfield imaging approach to increase the resolution under cryogenic temperatures by immersing the microscope was reported by Le Gros et al. [30, 31] . They use liquid propane or iso-pentane as immersion fluids and an MO placed outside the sample area, cooled with a copper cooling strip by liquid nitrogen. Summarizing, all these techniques may reach a resolution comparable to microscopes at ambient conditions but at the cost of scan range, image quality or mechanical stability.
In this study, we present a microscope setup, which allows us to immerse an MO (NA = 1.25) together with the sample both positioned inside the sample chamber of a cryostat. Thus, we are able to record confocal luminescence images with an imaging resolution comparable to ambient conditions and scan ranges only limited by the travel range of the piezo steppers (limited to 15 × 15 mm). Additionally, combining our large range scanning stage [16] with a sample transfer system allows us to load frozen or vitrified samples into the cold cryostat and remove them after the measurements without heating the samples to ensure a reproducible cryogenic cycle [34] . We demonstrate the capability of our approach by confocally imaged quantum dots (QD) at 160 K with 1-propanol immersed MO and could appoint a resolution enhancement of Fig. 2 . Sketch of the focusing system (red quadrangle in Fig. 1 ) for low temperature microscopy adapted from [16] . With a special sample transfer system, consisting of x, y, z, steppers (red), to transfer frozen (also vitrified) samples into the precooled cryostat.
According to the manufacturer (ebioscience), the QDs have the following properties: AmineFunctionalized eFluor(R) 650NC nanocrystal consisting of CdSe/ZnS with a diameter of about 8.7 nm [32]. As a result, the QDs can be regarded as point light sources enabling us to estimate the resolution by means of the FWHM of the PSFs. The QDs exhibit a relativly high absorption cross section, a large luminescence quantum yield, a molar extinction coefficient of 1.11E6 and an emission maximum around 650 nm without any sidebands and a high photostability [33] . A droplet (1 µl) of QDs solution diluted in H 2 O/glycerol with concentration 1 pmol/l to guaranty single particle microscopy was deposited between two 4 × 4 mm 2 (thickness 200 µm) glass coverslips cleaned with chromosulfuric acid. For the room temperature experiments, we used two 22 × 22 mm 2 coverslips and immersion oil (Zeiss Immersol 518 F). For the low temperature experiments, we used 1-propanol as immersion fluid due to its low melting point (147 K) and good transparency. The measurements were performed with a home-built confocal microscope consisting of a room and low temperature branch shown in Fig. 1 . An enlarged section of the sample transfer system (red quadrangle in Fig. 1 ) and the low temperature sample head are shown in Fig. 2 . Scanning the sample with nanometer precision was achieved at ambient condition by a feed-back controlled three axis scanning table (Physik Instrumente P-517.3CL, 100 × 100 × 20 µm) and at low temperatures by a multiaxis scanning stage (attocube steppers twice ANPx320 for x-and y-, ANPz101eXT for z-axis, scanners ANSxy100lr for x-and z-, ANSz100lr for y-axis) in a Helium-cryostat (Janis, SVT-200). The voltage dependent expansion of the scanners and their linearity were calibrated for low temperature (160 K) by scanning a copper grid (2000 lines/inch). The temperature dependent expansion deviation of the piezo scanners could be determined by the calibration measurements allowing us to calculate the spatial expansion of the scanners very accuratly. For the immersion measurements at room and low temperature we used an MO with high NA (Microthek, 100 ×, NA = 1.25) and as a reference at low temperature an air MO (Microthek, 60 ×, NA = 0.85) without immersion liquid. The temperature of 160 K in He atmosphere controlled by a cernox sensor (CX-1030-SD-HT 0.3L) is reached by cooling the outer temperature shield with liquid nitrogen. Temperature variations during the measurements can be minimized by an active temperature control sensor close to the sample [16] . The reliability of the microscope and the temperature control was demonstrated in a recent study [38] . A 488 nm cw laser diode (OBIS 488-20 LS) with a linear polarized Gaussian beam profile was used for exciting the QD. Their luminescence was collected by the very same MO passed a dichroic mirror, a 30 µm pinhole and a longpass filter (AHF F76-490) and was finally detected by an avalanche photodiode (APD, Laser Components, COUNT-100C). More details, of the setup were recently described by Hussels et al.
[16].
Results
The immersion of the sample was achieved by applying a droplet of immersion liquid on the sample coverslip in three steps (Fig. 3) . First we precool our sample holder with the mounted sample between two coverslips in a liquid nitrogen bath (Figs. 3(a) and 3(b) ). After that a few droplets of 1-propanol were frozen directly on the coverslips (Figs. 3(c) and 3(d)) .
A specially designed sample transfer mechanism allows us to insert the frozen sample into the precooled (140 K) cryostat without melting the immersion liquid [16] . Inside the cryostat the sample holder is translated towards the MO to achieve contact between the frozen immersion droplet and the MO. Then the sample chamber was heated slowly above the melting point (147 K) of 1-propanol to 160 K. Finally, we reduced the distance between sample and MO in order to bring the sample in the focus of the MO as shown in Fig. 2 . Figure 4 shows confocal scanning images of luminescent QDs both at a temperature of 160 K with (right) and without immersion (left) excited with a 488 nm diode laser. The image on the left side was recorded with a commonly used air MO (NA = 0.85). On the right side, a segment of an image of the same QD sample recorded with a high numerical MO (NA = 1.25) immersed with 1-propanol is shown. Both images show symmetrical spots representing single QDs. However, the spot diameters become clearly smaller with higher theoretical NA (with immersion). Thus, no distortions, drifts or other instabilities even with the immersed MO for the respective temperature disturb the measurements. However, the absolute intensities in Fig. 4 are not comparable due to different experimental conditions such as objective and sample changes. Furthermore not all QDs visible in the images are located in the focal plane causing individual excitation and luminescence yields. To quantify the resolution of the respective MO reached by our experiments, we determine the point spread function (PSF) by scanning single QD in nanometer steps through the excitation focus. The excitation focus was generated by the linearly polarized (λ = 488 nm) beam with a diameter of 6 mm, filling the back aperture of the MO and can approximated by an Airy pattern with a nominal radius between the intensity maximum and the first intensity minimum of r = 0, 61 · λ NA . As a reference measurement and to confirm the optical properties of the NA = 1.25 MO, we recorded several confocal images at 300 K immersed with standard immersion oil. Analyzing the line sections for these three conditions (160 K with 1-propanol immersion, 160 K without immersion and 300 K with oil immersion) allow us to determine the full width of half maximum (FWHM) of the PSF for each single spot as a measure for the resolution. In Table 1 summarizes the results for the three different measuring conditions. The column in bold shows the results of our 1-propanol immersed measurements with a resolution enhance-ment of 1.3 in comparison to our air objective and a comparable resolution to ambient conditions (right column). 
Discussion
The scan images recorded with the 1-propanol immersed MO show obviously comparable quality, scan range and resolution with respect to experiments at ambient conditions. Hence, we can claim that the lateral resolution of the immersed MO under cryogenic conditions is enhanced by a factor of 1.3 with respect to our standard air objective with NA = 0.85. Furthermore, all recorded images show no distortions, drifts or thermally induced variations of the sample position or the scanner translation. This is a result of the microscope design whereby the optical elements, the sample and the scanning stage are in a controllable thermally stable equilibrium. The resolution enhancement arises from the increased refractive index of the 1-propanol with respect to helium as the medium between MO and sample coverslip. The NA depends linearly on the refractive index contributes linearly to the resolution of images acquired by fluorescence microscopy. The mismatch of the refractive indices between glass and 1-propanol are leading only to a reduced effective NA with respect to standard oil. We used 1-propanol as immersion fluid due to its melting point and its hydrophobic properties (high stability on glass substrates). Due to the lower refractive index of 1-propanol (n 532 nm,300 K = 1.385 [35] as compared to immersion oil (n 546,1 nm,298 K = 1.518) and the large number of optical elements (cryo windows) we estimated an enhancement factor around 1.3 compared to 1.38 with oil. To our knowledge we found no appropriate refractive index for 160 K. Hence, we make the following assumption using the TOC-value of 1-propanol of −4 × 10 −4 resulting in a refractive index of 1.46 for 160 K [35] .
For measuring our sample under cryogenic conditions, which is previously immersed outside the croystat a sample transfer system is indispensable. Our patented sample transfer system in combination with a sample scanning stage, instead of beam-scanning [36, 37] , allows us to quickly insert (and remove) samples with attached frozen immersion droplets, into the precooled cryostat. Additionally, the optical properties of the whole setup will be increased by using sample scanning. Typical microscopes with cryo stages commonly use air MOs with a long working distance limiting the NA < 1 [24-26]. However, cryogenic systems with a high long term stability and NA close to unity usually do not feature the possibility of a transfer system [20] . Our method combines short working distance immersion MOs with an NA of 1.25 and a sample scanning stage allowing us to keep the whole microscope at a defined temperature. As a result, we have a mechanically stable system without temperature gradients resulting in a high imaging quality and stability which is a prerequisite for high resolution techniques such as STORM. In order to image vitrified cells (below 135 K [39] ) however the immersion fluid has to be varied to reach a temperature below 135 K.
The improved spatial resolution of the developed method will be further applicable to correlative microscopy [27], which is a recently emerging technique combining cryo-electron to-
